Prion diseases are fatal neurodegenerative diseases of humans, livestock, and cervids. The majority of prion diseases have an infectious etiology, and food-borne infection has been linked to the transmission of transmissible mink encephalopathy (TME), bovine spongiform encephalopathy (BSE), and kuru in humans (21, 23, 58) . Indirect evidence suggests that oral infection is involved in the transmission of other prion diseases, such as scrapie in sheep, chronic wasting disease (CWD) in deer and elk, and variant Creutzfeldt-Jakob disease in humans (2, 13, 26, 47, 52) . The experimental ingestion of high doses of scrapie agent (hereinafter referred to as scrapie) has been used to determine the sites of scrapie replication in peripheral tissues and the routes by which the disease spreads to the peripheral and central nervous systems (24, 33, 36, 38, 54) .
The disease-specific isoform of the prion protein, PrP Sc , is found in the enteric nervous system of the submucosal and myenteric plexus and the gut-associated lymphoid tissue following oral scrapie ingestion (6, 24, 36, 38) . Prion spread from these sites to the central nervous system can occur by axonal transport within the parasympathetic nervous system (e.g., from the vagus nerve to the dorsal motor nucleus of the vagus) and the sympathetic nervous system (e.g., from the splanchnic nerve to the intermediolateral cell column of the spinal cord) (36, 38) . The distribution of PrP Sc in the tissues of subclinically infected sheep with scrapie and deer with CWD is consistent with spread along these pathways (2, 47, 52, 53) . The additional spread of prions within a host can occur within the lymphoreticular system (LRS) and can result in systemic prion infection of secondary lymphoid organs. There is no consensus on the cell type(s) involved in prion replication and accumulation in the LRS. Although PrP Sc deposition is associated with follicular dendritic cells in the germinal centers of the secondary lymphoid organs (31, 37) , recent studies using immunodeficient mice indicated that mature follicular dendritic cells are not required for prion infection and neuroinvasion (34, 40, 42) . Macrophage subsets located in the marginal zones of secondary lymphoid tissues appear to be necessary for prion propagation in the LRS (34, 42) .
The view that LRS infection must be established prior to the spread of prions to the nervous system has been challenged by several studies. Prion infectivity and PrP Sc are not detected outside of the nervous system in animals with natural BSE (11) , even though early PrP Sc deposition in the brain stem has been reported to take place in the dorsal motor nucleus of the vagus and the nucleus of the solitary tract (44) . Oral ingestion of high doses of mouse-adapted scrapie can also result in neuroinvasion and disease in the absence of LRS infection (43) . In one study, peripheral scrapie inoculation was performed on transgenic mice (with a PrP knockout genetic background) that had restricted expression of Syrian hamster PrP C in a subset of neuronal cells (i.e., gene expression was controlled by the neuron-specific enolase promoter) and no expression of PrP C in secondary lymphoid organs. In these transgenic mice, infection with the 263K strain of scrapie was not found in the LRS due to the lack of PrP C expression, but the mice were susceptible to hamster-adapted 263K scrapie by intraperitoneal (i.p.) inoculation and oral ingestion (43) . These findings indicate that peripheral prion infection and neuroinvasion can be LRS independent and suggest that direct infection of the nervous system is an alternate route of infection. This conclusion is supported by additional studies in which peripheral scrapie, of immunodeficient mice (e.g., muMT and RAG-1 knockout mice, which lack functional germinal centers and are unable to replicate scrapie in the LRS) resulted in scrapie infection of the brain (20) .
In the present study, we investigated the ability of the HY strain of the TME agent (hereinafter referred to as HY TME) TME to establish disease in hamsters following oral infection by ingestion, inoculation of the lingual muscles, or topical application to the surface of the tongue in the presence and absence of a superficial wound. We demonstrate that tongue infection is a more efficient route of prion neuroinvasion than ingestion and that HY TME can directly spread to the brain from the tongue via the hypoglossal nerve. We propose that the exposure of nerve endings in the tongue or oral cavity, possibly due to lesions or microbial infections, may increase the risk of prion infection and may serve as an alternate route of infection following oral prion exposure. In addition, we demonstrate that six hamster-adapted prion strains can spread to the tongue following intracerebral (i.c.) inoculation. This finding has implications for public health, since livestock tongue is used in food products and may be a potential source of prion infection in humans.
MATERIALS AND METHODS
Strains of hamster TME and scrapie agents. Biological clones of HY and DY TME were isolated as previously described (9) and maintained by i.c. inoculation into weanling male outbred Golden Syrian hamsters (Harlan Sprague Dawley, Indianapolis, Ind.) as described below. Scrapie strains 139H, 22AH, 22CH, and Me7H were isolated upon serial passage in hamsters and were a gift from Richard Rubenstein (New York State Institute for Basic Research in Developmental Disabilities, Staten Island, N.Y.).
Animal inoculations. All procedures involving animals were approved by the Creighton University Institutional Animal Care and Use Committee and are in compliance with the Guide for the Care and Use of Laboratory Animals (39) . Hamsters were inoculated with 5 to 100 l of a 1% (wt/vol) brain homogenate from an HY TME-infected hamster containing 10 7.5 median (50%) lethal doses (LD 50 ) per ml. Intrasciatic nerve (i.n.), i.c., and i.p. inoculations were performed as previously described (4, 9) . Intratongue (i.t.) inoculations were performed by the bilateral inoculation of 20 l of HY TME into the intrinsic muscles of the tongue. In a second study (see Fig. 5 ), the tongues of hamsters were unilaterally inoculated with 5 l of HY TME. For intramuscular inoculations, hamsters received injections in the right femoral biceps. Intravenous inoculations were performed by injecting HY TME into the penile vein. For oral ingestion studies, inoculum was dried on a food pellet and subsequently fed to hamsters. To produce a superficial wound on the tongue, hamsters were anesthetized with a ketamine and xylazine mixture and the tip of a 30-gauge needle was used to cut the dorsal surface of the tongue. Each hamster received a 3-mm-long wound that penetrated through the epithelium. HY TME inoculum was directly applied to the wound before each animal regained consciousness. Following inoculation of HY TME, hamsters were observed daily for the onset of clinical symptoms. The incubation period was determined based on the initial onset and early progression of symptoms characteristic of HY TME, which included hyperactivity in response to touch and sound, a tremor of the head and body, and ataxia.
Efficiency of the i.t. route. Endpoint titration of HY TME by the i.c. and i.t. routes of inoculation was performed by injecting groups of five hamsters with consecutive, serial 10-fold dilutions of HY TME-infected brain. The titer was calculated by the method of Kärber. Differences in titer were used to determine the efficiency of i.t. inoculation relative to that of i.c. inoculation in establishing TME infection as previously described for rodent-adapted scrapie (12, 29) .
Tissue collection for PrP
Sc analysis. To study the route of TME spread following i.t. inoculation of HY TME, three to five hamsters were sacrificed each week postinfection for 10 consecutive weeks. The brains, spinal cords, tongues, spleens, and submandibular and cervical lymph nodes were collected for PrP Sc analysis by Western blotting and immunohistochemistry.
Tissue preparation for PrP Sc Western blotting. PrP Sc was enriched from tissue prior to Western blotting. Briefly, 2 to 100 mg of tissue was homogenized to 20% (wt/vol) in Tris-HCl (pH 7.4) buffer containing 5 mM MgCl 2 . Benzonase nuclease (Novagen, Inc., Madison, Wis.) was added to a concentration of 100 U per ml, and the reaction mixture was incubated at 37°C for 1 h with constant shaking. An equal volume of 20% (wt/vol) N-lauroylsarcosine in 10 mM Tris-HCl (pH 7.4)-133 mM NaCl-1 mM EDTA was added, and the tissue homogenates were incubated for 30 min at room temperature with constant shaking. The tissue homogenates were further subjected to a series of ultracentrifugation procedures and a proteinase K digestion step in order to enrich for PrP Sc as previously described (4) . The PrP-enriched pellet was resuspended in a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample loading buffer.
Western blot analysis. SDS-PAGE and Western blot analysis were performed as previously described with monoclonal antibody 3F4 hybridoma (28) (8) or by using the method of Wilson and McBride (59) . Briefly, tissues were immersion fixed in neutral buffered formalin or animals were perfused with McLean's paraformaldehyde-lysine-periodate (PLP) fixative, after which tissues were postfixed in PLP. Paraffin-embedded tissue sections (7 m) were subjected to antigen retrieval by either hydrolytic autoclaving (1 to 3 mM HCl) or pretreatment with formic acid for 20 min. We found that the procedure using PLP and short fixation times produced more consistent results and was less disruptive to tissue morphology. A minimum of 2 serial sections for every 20 tissue sections were examined for PrP Sc by immunohistochemistry analysis. In the brain, the region between the first segment of the cervical spinal cord and the midbrain at the level of the inferior colliculus was analyzed each week postinfection. Tissues were incubated with monoclonal 3F4 hybridoma antibody (1:600 dilution) or ascites fluid (1:2,000 dilution) (the latter was a gift from Richard Kascsak 
RESULTS

TME infection by neuronal and nonneuronal routes of inoculation.
The length of the incubation period following inoculation of HY TME was investigated with neuronal and nonneuronal routes of inoculation. i.c. inoculation directly established TME infection in the brain and resulted in an incubation period of 59 Ϯ 1 day, which was 42 days shorter than the incubation period resulting from i.p. inoculation (Table 1). i.n. inoculation directly established infection of the peripheral nervous system and resulted in an incubation period 8 days longer than that associated with i.c. inoculation but 33 days shorter than than that associated with i.p. inoculation (Table 1) . Among the five nonneuronal peripheral routes of inoculation, i.t. inoculation into the lingual muscles resulted in the shortest incubation period, at 79 Ϯ 5 days. The incubation period of the i.t. route of inoculation was statistically significantly longer (P Ͻ 0.01) than those of the i.c. and i.n. routes but statistically significantly shorter (P Ͻ 0.01) than those of oral ingestion and i.p., intravenous, and intramuscular inoculations of HY TME ( Table 1 ).
The efficiency of the i.t. route of TME infection was deter-mined by calculating the TME titer by endpoint dilution for both the i.t. and i.c. routes. All of the hamsters that were i.c. inoculated with the 10 Ϫ8 dilution (wt/vol) of brain homogenate developed TME, while none of the hamsters in the group inoculated with the 10 Ϫ9 dilution of brain homogenate developed clinical TME by 400 days postinfection ( Table 2) . Of the i.t.-inoculated animals, 20% of those in the 10 Ϫ7 dilution group developed TME and none developed clinical symptoms of TME at higher dilutions of brain inoculum. Based on this data, the LD 50 per gram of brain were 10 9.5 and 10 8.4 for the i.c. and i.t. routes of inoculation, respectively (Table 2 ). These findings demonstrated that the i.t. route of inoculation was 10-to 100-fold less efficient in transmitting disease than i.c. inoculation of HY TME. In contrast, only 20% of the hamsters that received the 10 Ϫ2 dilution of brain inoculum by oral ingestion developed clinical TME (Table 1 ). This percentage of clinically affected animals was similar to that found for those receiving the 10 Ϫ7 dilution of brain inoculum following i.t. inoculation. Based on this comparative analysis, the estimated titer of HY TME following oral ingestion would be 10 3.4 LD 50 per g of brain. These results indicate that the i.t. route of TME inoculation was 100,000-fold more efficient in transmitting disease than oral ingestion of HY TME.
Temporal accumulation of PrP Sc following i.t. inoculation of HY TME. The chronological deposition of PrP Sc was investigated in order to determine the route of HY TME neuroinvasion following i.t. inoculation. Hamsters were mock infected or i.t. inoculated with HY TME, and three animals per group were sacrificed each week postinfection. Brains, spinal cords, tongues, spleens, and submandibular and cervical lymph nodes were collected for PrP Sc analysis. PrP Sc deposition was detected in the tongue from PrP Sc -enriched preparations (25-mg tissue equivalents) beginning at 2 weeks postinfection (Fig.  1A) . The amount of PrP Sc in the tongue gradually increased each week until 8 weeks postinfection. There was approximately a twofold increase in the amount of PrP Sc found in the tongue at 8 weeks postinfection compared to the levels measured at 7 weeks postinfection (Fig. 1) . From 8 to 10 weeks postinfection, PrP Sc levels in the tongue reached a plateau. In the first half of the incubation period, PrP Sc was localized to nerve fascicles in the tongue and was associated with individual axons (Fig. 2A) . These findings indicate that TME can replicate in the tongue at early stages of infection and that axons are potential sites for PrP Sc formation or accumulation. PrP Sc was not detected in comparable amounts of spleen (25-mg tissue equivalents) between 1 and 10 weeks postinfection, suggesting that a systemic infection of the LRS did not occur following i.t. inoculation of HY TME (Fig. 3) . However, PrP Sc was detected in the submandibular lymph node (25-mg tissue equivalents) and cervical lymph node (2-mg tissue equivalents) at 1 through 10 weeks postinfection (Fig. 3 and data not shown). The PrP Sc levels in the submandibular lymph node peaked by 3 to 4 weeks postinfection and, at this time, were present at higher levels than those found in the tongue. These findings indicated that HY TME established a regional infection of the LRS following i.t. inoculation. Sc immunohistochemistry was performed on the spinal cord and brain stem at weekly intervals postinfection to determine whether HY TME enters the brain stem by rostral spread in the spinal cord following i.t. inoculation of TME. PrP Sc was initially found in the brain stem at 2 weeks postinfection but was not present in the first segment of the cervical spinal cord (C1) until 6 weeks postinfection (Table  3) . At 6 weeks postinfection, PrP Sc deposits were not detected in segments below C1. These results suggested that TME spread directly from the tongue into the brain stem and that entry was not a result of rostral transport from the spinal cord.
The entry of PrP
Sc into C1 at 6 weeks postinfection was likely due to the caudal spread of TME from the brain stem to the spinal cord.
The sites of PrP Sc deposition in the brain stem were investigated to determine the possible route(s) of neuroinvasion following i.t. inoculation of HY TME. PrP Sc was initially found in the hypoglossal nucleus (XII nucleus) at 2 weeks postinfection, and the intensity and distribution of PrP Sc immunostaining in the XII nucleus increased between 2 and 6 weeks postinfection (Table 3 and Fig. 4A and B) . PrP Sc deposits were found in additional areas of the brain beginning at 4 weeks postinfection. Prominent PrP Sc accumulation was detected in specific areas of the reticular formation and to a lesser degree in the sensory trigeminal nucleus and the nucleus of the solitary tract (Table 3 ). These findings indicate that HY TME can spread to the brain stem via axonal transport within the hypoglossal nerve (cranial nerve XII [CN XII]) following i.t. inoculation. Subsequent spread of HY TME in the brain is consistent with transsynaptic TME spread and axonal transport to brain cell groups that project to the XII nucleus (i.e., second-order neurons). PrP Sc deposition was also found in the dorsal motor
FIG. 2. Immunodetection of PrP
Sc in the tongue. Tongues from HY TME-infected hamsters sacrificed at 6 (A) and 12 (B) weeks postinfection and mock-infected Syrian hamsters (C) were immunostained for PrP Sc , and the results were visualized by differential interference contrast microscopy (A) and fluorescence microscopy (B and C). Hamsters were inoculated in the tongue (A) or the brain (B) with HY TME as described in the text. In panel A, the arrowhead indicates the perineurium surrounding a nerve fascicle; within the fascicle is an axon containing PrP Sc . The asterisk indicates a cross section of an individual axon. A muscle cell (m) is adjacent to the nerve fascicle. In panel B, the white arrowhead indicates an individual axon that contains a PrP Sc deposit. The bars in the lower right corners represent 25 m.
FIG. 3. Temporal deposition of PrP
Sc in secondary lymphoid tissues after i.t. inoculation of HY TME. Spleen and submandibular lymph node (LN) homogenates were enriched for PrP Sc and analyzed by Western blotting at the indicated week postinfection (Wk. p.i.) as described in the legend to Fig. 1 . Twenty-five-milligram tissue equivalents from animals that were inoculated by either the i.t. or the i.c. route were analyzed in each lane. Uninfected (U) spleen and lymph node controls are indicated. nucleus of the vagus (X nucleus) at 6 weeks postinfection, but these deposits were not located in the somata of neurons.
Punctate cytoplasmic and perinuclear PrP Sc deposits were found in motoneurons beginning at the earliest detection of TME in the XII nucleus, at 2 weeks postinfection. The number of PrP Sc deposits varied within the cytoplasm, and initially these deposits had a small, uniform size, but at later times large heterogeneous PrP Sc deposits were also found in the cytoplasm (Fig. 4C) . The intracellular accumulation of PrP Sc in the motoneurons of the XII nucleus is consistent with retrograde axonal transport from the axons located in the tongue to the cell bodies located in the brain stem.
Tongue lesion model of prion infection. To investigate the role of an injury to the tongue in establishing prion infection, we tested the hypothesis that a wound on the surface of the tongue will enhance prion entry following oral prion exposure. A 30-gauge needle was used to make a 3-mm-long superficial cut in the dorsal epithelium of the tongue, and HY TME inoculum was topically applied to the surface of the tongue. The incubation period for the tongue lesion group was 161 Ϯ 47 days (15 affected of 15 inoculated), and the first six hamsters in this group to develop TME had an average incubation period of 110 Ϯ 15 days, which was statistically significantly different (P Ͻ 0.001) than the incubation periods of the i.t.-inoculated group (82 Ϯ 2 days; 15 affected of 15 inoculated) and the oral ingestion group (184 Ϯ 23 days; 3 affected of 15 inoculated) (Fig. 5) . A fourth group of hamsters received a topical application of HY TME to the dorsal surface of the tongue in the absence of a lesion. In this group, the mean incubation period and the percentage of animals that developed clinical TME (185 Ϯ 35 days; 5 affected of 14 inoculated) were similar to those of the oral ingestion group (Fig. 5) . These findings indicate that a lesion on the surface of the tongue can increase the likelihood of prion infection following oral exposure.
Prion transport from the brain to the tongue following i.c. inoculation. To investigate whether prion infection in the brain can spread to the tongue, hamsters were i.c. inoculated with HY TME and the tongue was examined for PrP Sc deposition. After the onset of clinical symptoms of HY TME, PrP Sc was found in a PrP-enriched preparation of the tongue (25-mg equivalents) upon analysis by Western blotting (Fig. 6) . With the use of immunohistochemistry, PrP Sc was found to be associated with axons in the nerve fascicles of the tongue in hamsters that were i.c. inoculated with HY TME (Fig. 2B and C) . To determine if the spread of PrP Sc to the tongue was a property of additional prion strains, we examined the tongue for PrP Sc deposition in hamsters that had been i.c. inoculated with DY TME and scrapie strains 139H, 22AH, 22CH, and Me7H. These five prion strains have distinct phenotypes that are defined by incubation period, clinical symptoms, and brain neuropathology, as previously reported. For each prion strain, PrP Sc was found in the tongue at the onset of clinical disease (Fig. 6) , indicating that prion infection of the tongue is a common outcome following prion infection of the brain. These findings demonstrate that prion infection can spread to skeletal muscle, and specifically to the tongue, from a prion infection that originates in the brain. 
DISCUSSION
Our findings indicate that the inoculation of HY TME into the lingual muscles results in TME replication in the tongue and regional lymph nodes and direct HY TME transport within CN XII to motoneurons in the XII nucleus. HY TME infection of the tongue resulted in the shortest prion incubation period reported for Golden Syrian hamsters following inoculation by a nonneuronal route. PrP Sc deposition in the XII nucleus at 2 weeks postinfection is also the shortest amount of time in which prions have been demonstrated to enter the brain following peripheral inoculation in any experimental model, including direct ocular and i.n. inoculations. There was a 6-week delay in the entry of PrP Sc into the brain stem following i.n. inoculation of HY TME (4), while infectivity was not found in the brain for 7 weeks following the intraocular inoculation of hamsters with scrapie strain 263K (a strain with properties similar to those of HY TME) (30) . An 8-to 10-week delay in the increase in titer in the brain was found following intraocular inoculation of murine scrapie (19, 45) , but other studies report a minimum of 2 weeks for scrapie to reach the brain via the optic nerve even though no scrapie infectivity was detected at this time point (46) . HY TME infectivity should be found in the XII nucleus by the prion animal bioassay in less than 2 weeks following i.t. inoculation, since bioassay is a more sensitive method for measuring prions than PrP Sc immunohistochemistry (5). Our findings suggest that the inoculation of TME into peripheral tissues that are innervated by cranial nerves that project to the brain stem, such as the skeletal muscle of the tongue, can result in rapid direct prion neuroinvasion of the brain.
The present study indicates that prion infection of the tongue may be an alternate route of prion neuroinvasion following oral exposure. The transport of TME to the XII nucleus following i.t. inoculation was rapid, and the efficiency of the i.t. route of inoculation was 100,000-fold greater than that of oral ingestion of HY TME. A previous study also reported a low efficiency of infection in hamsters following oral ingestion of 263K scrapie (16) . Our findings indicate that a low dose of prions, which is more likely to exemplify a natural infection, is unable to cause disease when the prions are orally ingested but may cause disease when they are inoculated into the tongue. We also found a higher incidence of TME infection (100%) following topical application of HY TME to a superficial wound on the tongue than that resulting from a similar dose delivered by oral TME ingestion (20%), suggesting that TME neuroinvasion proceeds by different pathways in these groups. In the hamster tongue lesion group, the incubation periods of three animals ranged from 88 to 104 days postinfection, which may have been due to prion infection of the tongue, but these incubation times are not consistent with neuroinvasion via the splanchnic and vagus nerves following oral ingestion (6) . Reduced access to prion replication sites in the tongue or lower prion doses delivered to these sites may account for the long and highly variable incubation periods in the tongue lesion group compared to those in the i.t. inoculation group. Prion infection via a lesion on the tongue is a more representative route of natural infection than i.t. inoculation, especially in grazing and foraging animal species such as ruminants and cervids. Prior studies report that scrapie inoculation into the tooth pulp of hamsters (25) and scrapie exposure via gingival scarification (14) in mice can cause disease, but i.t. inoculation results in a significantly shorter incubation period than intradental inoculation (82 Ϯ 2 versus 156 Ϯ 16 days). We propose that prion infection by an alternate route can occur when a host has an infection or minor wound on the tongue and that, under these conditions, greater access to the tongue-associated cranial nerves may result in prion infection and direct prion transport to the brain stem.
The detection of PrP Sc within axons in the tongue following 
FIG. 6. PrP
Sc accumulation in the tongue following i.c. inoculation of TME or scrapie prions. Hamsters were i.c. inoculated with distinct TME or scrapie strains, and animals were sacrificed during the early stages of clinical disease. PrP Sc was purified from the tongue and analyzed by Western blotting as described in the legend to Fig. 1 . Each lane contains 25-mg tissue equivalents. the inoculation of HY TME into the lingual muscles and the localization of PrP Sc to the XII nucleus indicates that movement of HY TME to the brain stem was via retrograde axonal transport within CN XII. Although HY TME was also detected in the submandibular and cervical lymph nodes at 1 week postinfection, the absence of PrP Sc in the spinal cord at 5 weeks postinfection is inconsistent with TME neuroinvasion of the brain stem via the sympathetic nervous system. HY TME entry into CN XII may occur at the neuromuscular junction since PrP C is localized to subsynaptic areas of the postsynaptic and presynaptic cells (3, 22) . It is possible that PrP Sc can bind to PrP C at the neuromuscular junction and allow PrP Sc entry into the nerve terminal. In the present study, PrP
Sc was localized to individual axons in nerve fascicles but we were unable to determine the spatial location of PrP Sc in the neuromuscular junction. The detection of PrP Sc in the tongue at 2 weeks postinfection and the subsequent increase in PrP Sc levels indicate that HY TME can replicate in the tongue. Previous studies described TME replication in the skeletal muscles of mink (35) and scrapie replication in the muscles of transgenic mice that express elevated levels of PrP C in myocytes (10) . The lingual tonsils located at the root of the tongue may also serve as a site for HY TME replication.
Our findings on the location of PrP Sc in the brain stem following i.t. inoculation are consistent with those of previous studies that used viral transneuronal tracers to identify brain cell groups involved in higher-order afferent control of the lingual muscles (18, 32, 49, 51) . The distribution of PrP Sc in the brain stem outside of the XII nucleus at 4 through 6 weeks postinfection is consistent with the transsynaptic spread and retrograde axonal transport of HY TME to second-order brain stem neurons. Each of the brain cell groups with PrP Sc deposits has been reported to project its axons to the XII nucleus (18, 32, (49) (50) (51) . PrP Sc deposition was also found in the X nucleus in hamsters at earlier times postinfection than has been previously reported following experimental prion ingestion (38) , but immunostaining was not localized to neuronal cell bodies in our study. The dorsal motor nucleus of the vagus is the primary site of prion entry into the brain stem following oral prion ingestion and in natural cases of scrapie and CWD (2, 7, 38, 47, 52) . In the present study, PrP Sc localization to the X nucleus may have been due to the accumulation of PrP Sc in the dendrites of motoneurons of the XII nucleus that extend into the X nucleus, since a previous study reported extranuclear dendritic projections from the XII nucleus (1). Several brain cell groups project to both the X and XII nuclei, including the areas of the reticular formation and the nucleus of the solitary tract, both of which contain PrP Sc deposits during the early stages of brain neuroinvasion following oral scrapie ingestion (7) and i.t. inoculation of HY TME. These patterns of PrP Sc overlap indicate that examining the brain stem pathology and the distribution of PrP Sc in the brains of ruminants and cervids naturally infected with prion diseases is an unreliable approach for determining the route of neuroinvasion. One study reports that intraneuronal PrP Sc deposition in the XII nucleus was greater than that in the X nucleus in sheep after experimental oral BSE agent (hereinafter referred to as BSE) ingestion even though stronger PrP Sc deposition is expected in the X nucleus if neuroinvasion is via the vagus nerve (27) .
A second potential route of spread for HY TME from the tongue to the brain stem is by the sensory pathways, which include the general somatic afferents (CN V and IX) and specialized afferents (CN VII and IX). In this scenario, retrograde axonal transport within these cranial nerves followed by transsynaptic spread to brain stem nuclei would result in initial PrP Sc deposition in the spinal trigeminal nucleus and the nucleus of the solitary tract. Since PrP Sc deposition in these locations occurred after PrP Sc was found in the XII nucleus following i.t. inoculation, and the spinal trigeminal and solitary tract nuclei are known to project to the XII nucleus, axonal transport of HY TME via these sensory nerves does not appear to be the primary route of neuroinvasion following HY TME inoculation of the lingual muscles.
The accumulation of PrP Sc in the hamster tongue following i.c. inoculation of two hamster-adapted TME strains and four hamster-adapted scrapie strains indicates that the spread of prions to the tongue may be a common event in prion diseases. The detection of PrP Sc in axons of the tongue after i.c. inoculation suggests that one possible route involved in the establishment of tongue infection is axonal transport of HY TME from the brain to the tongue. In this case, TME transport may be via the motor efferent or sensory afferent pathways of the tongue. Prion infection of the XII nucleus, the spinal trigeminal nucleus, or the nucleus of the solitary tract would be necessary for prions to have access to and be transported within the tongue-associated cranial nerves. In cases of both natural and experimental oral infection of ruminants with scrapie and BSE, as well as in infection of deer with the CWD agent, there is evidence for the infection of the tongue-associated brain stem nuclei (27, 48, 56, 57) . Experimental oral ingestion of scrapie and BSE in sheep results in PrP Sc deposition in the XII nucleus, and the relative amount of PrP Sc deposition was greater in the XII nucleus than in the X nucleus in BSE-infected sheep but not in scrapie-infected sheep (27) . The latter observation may indicate that CN XII has a more prominent role than the vagus nerve in neuroinvasion following oral BSE infection of sheep. In natural cases of infection with BSE, PrP Sc deposition has also been reported to occur in the XII nucleus and spongiform lesions are found in the nucleus of the solitary tract (56, 57) . The spongiform lesion distribution in the brain stems of animals with BSE is remarkably uniform, and a high lesion score is found for the spinal trigeminal nucleus (56, 57) . Furthermore, BSE infectivity is present in the trigeminal ganglia of cattle (11) , which suggests that BSE can spread within axons from the spinal trigeminal nucleus to the trigeminal ganglion or, perhaps, in the reverse direction. In either case, BSE transport to the tongue may proceed via the general somatic afferents of the trigeminal ganglion. There are no reports describing the presence or absence of PrP Sc deposition in the tongues of cattle with BSE. Inoculation of mice with a tongue homogenate from cattle with BSE did not result in detectable prion infectivity, but the mouse prion bioassay cannot detect levels of BSE below 10 4.1 LD 50 per g of tissue (17, 55) . The findings of the present study, and the ability of BSE to target brain stem regions that are synaptically connected to the tongue, indicate that the Specified Risk Material Regulations (15), which do not completely exclude tongue from human consumption, need to be reevaluated in order to minimize human exposure to BSE and other prion diseases through ingestion of food products containing tongue. VOL. 77, 2003 AXONAL TRANSPORT OF PRIONS VIA THE HYPOGLOSSAL NERVE 589
